Abstract: The biodynamic responses of the hand-arm system under x h -axis vibration are investigated in terms of the driving point mechanical impedance (DPMI) and absorbed power in a laboratory study. For this purpose, seven healthy male subjects are exposed to two levels of random vibration in the 8-1,000 Hz frequency range, using three instrumented cylindrical handles of different diameters The frequency corresponding to the peak response increased with increasing hand forces. Unlike the absorbed power, the DPMI response was mostly observed to be insensitive to variations in the excitation magnitude. The handle diameter revealed obvious effects on the DPMI magnitude, specifically at frequencies above 250 Hz, which was not evident in the absorbed power due to relatively low velocity at higher frequencies. The influence of hand forces was also evident on the DPMI magnitude response particularly at frequencies above 100 Hz, while the effect of hand-arm posture on the DPMI magnitude was nearly negligible. The magnitude of power absorbed within the hand and arm was observed to be strongly dependent upon the excitation level over the entire frequency range, while the influence of hand-arm posture on the total absorbed power was observed to be important. The effect of variations in the hand forces on the absorbed power was relatively small for the bent elbow posture, while an increase in either the grip or the push force coupled with the extended arm posture resulted in considerably higher energy absorption. The results suggested that the handle size, hand-arm posture and hand forces, produce coupled effect on the biodynamic response of the hand-arm system.
Introduction
The human hand and arm response to vibration has been widely investigated in terms of relationships between the motion and the dynamic force at the hand-handle interface.
These are mostly evaluated in terms of driving-point mechanical impedance (DPMI) and absorbed power characteristics, under vibration along the three translational axes of the basicentric coordinate system (x h , y h and z h ) that are applied independently [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The biodynamic response, whether expressed in terms of DPMI or absorbed power, is known to depend upon many intrinsic and extrinsic variables, such as the frequency, magnitude and direction of vibration, the hand-handle coupling forces, handle size, hand-arm posture and individual characteristics. Although the reported studies have attempted to quantify the influences of one or more of these factors under comparable test conditions, the results could be generally limited to trends only, which are mostly diverse and in part contradictory. This is partly evident from the relatively broad ranges of free driving-point mechanical impedance of the human hand-arm system defined in ISO 10068 13) on the basis of the synthesis of data reported in different studies under a limited scope of experimental conditions (20-500 Hz frequency range, 25-50 N grip force, push force around 50 N, elbow angle within 90° ± 15° and handle diameter between 19 and 45 mm).
The reported studies show considerable differences in the DPMI response of the hand-arm system to x h -axis vibration, particularly in view of the peak magnitude and corresponding frequency, and dependence upon the vibration intensity, handhandle contact forces and hand-arm posture. Various studies on absorbed power characteristics of the hand-arm system also show similar disparities, even though they are conducted by the same research group. The DPMI responses reported by Lundström and Burström 1) under swept harmonic excitations along the x h -axis revealed peak magnitude near 90 Hz. Studies by Burström 3, 4) under same sinusoidal and constant velocity random excitations noted the peak magnitudes near 150 Hz. The data reported by Gurram et al. 2) did not reveal a clear magnitude peak under sinusoidal excitation, while a peak magnitude was observed near 160 Hz under random excitations. The DMPI response measured under x h -axis random excitation and different magnitudes of grip force (25, 50, 75 and 100 N), by Jandák 5) , revealed the peak magnitudes in the 50-63 Hz frequency range. Despite the comparable test conditions employed in these studies, only little agreement exists to quantify the fundamental resonant frequency of the hand-arm system when exposed to vibration along the x h -axis.
Similar discrepancies are also observed in view of the effect of intensity of vibration. The DPMI magnitude was observed to increase slightly with an increase in intensity of swept harmonic vibration in one study by Burström 4) , while another study by the same author reported a slight decrease in the DPMI magnitude under higher levels of random excitations 3) . Gurram et al. 2) observed insignificant effect of the vibration intensity on the DPMI response. With regards to the hand grip force, mostly reported for a handarm posture with 90° elbow angle, the reported data generally conclude that a firmer hand grip leads to higher impedance magnitude and absorbed power 2-5, 9, 11) , while considerable disagreements exist with respect to the ranges of frequencies where the effects are more pronounced. Although the handhandle coupling force is directly influenced by both the grip and the push forces 14) , only a few studies have attempted to characterize the effect of push force on the hand-arm biodynamic response along the x h -axis. Burström 3) reported that a higher push force causes higher DPMI modulus at frequencies below 25 Hz and above 125 Hz. Another study, however, has reported negligible effects of grip and push forces on the power absorbed by the hand and arm system under excitations due to 4 different tools 15) . This contradicts the findings of an earlier study, which observed higher absorbed power under higher hand grip 4) . The hand-handle coupling force would also depend upon the effective hand-handle contact area and thus the handle size, and the hand-arm posture. The influence of the handle size on the x h -axis biodynamic response has been investigated in a single study. The measured mechanical compliance of the hand-arm system exposed to swept sinusoidal excitations, while gripping two different handle sizes (19.1 and 38.1 mm diameter) with a grip force of 25.4 N, suggested notable effect of the handle size 7) . A recent study has shown that increasing the handle size yields higher peak DPMI magnitude response under z h -axis vibration, specifically under medium to high hand-handle coupling forces 6) . The handle size, hand grip and push forces, and the hand-arm posture seem to produce coupled effects on the dynamic forces developed at the hand-handle interface and thus the DPMI and absorbed power responses. Owing to the complexities associated with interpreting the coupled effects, the trend analyses are mostly limited to the single factors.
The variations in the hand-arm posture tend to alter the loading of the hand-arm muscles and thus the biodynamic response 8, 9, 16, 17) . A few studies have investigated the DPMI and absorbed power characteristics for different hand arm postures involving elbow flexion in the 60° to 180° range 3, 4, 8, 11) . Burström 3) investigated the influence of hand-arm posture on the DPMI responses under constant velocity random excitation by considering five different elbow flexion angles (60, 90, 120, 150 and 180°), while the grip and push forces were held at 25 N and 20N, the study found that elbow flexion angle had an influence on the mean DPMI magnitude, which is especially pronounced at frequencies below 50 Hz. The influence of hand-arm posture on the absorbed power has been observed to be small 8) , while another study concluded that the posture has an influence on the average amount of absorbed power, suggesting a clear tendency of increasing absorbed power with increasing elbow flexion 9) . The inconsistent and often contradictory findings of the different studies on the DPMI and absorbed power could in-part be attributed to the complex coupling among the different factors. There is thus a need for additional data measured under comparable and representative conditions to help identify definite trends and to gain an insight into the coupling among the different factors. The additional data are also expected to contribute towards enhancement and reliability of the data and their ranges defined in ISO-10068 13) . In this study, the biodynamic responses of the hand-arm system exposed to a broadband random excitation along the x h -axis are investigated, in terms of both the DPMI and the absorbed power. The experiments and data analyses are performed to study the significance of various important factors, such as the vibration intensity, hand-arm posture, grip and push forces, and the handle size, in view of both the biodynamic measures of the hand-arm system.
Methods
The measurements of force-motion characteristics at the hand-handle interface were performed using three different cylindrical handles (30, 40 and 50 mm diameter). Each handle was instrumented for direct acquisition of the drivingpoint excitation and force response, and monitoring of the mean grip and push forces. Each handle consisted of two aluminium semicircular sections, joined together through two force sensors to measure the hand grip force, as described in 6) . The driving-point acceleration is measured using a triaxial accelerometer located within one of the semi-circular section of the handle. Each handle was mounted on its support structure through two force transducers, used for measurement of the dynamic driving force as well as the mean push force. The handle with its support structure and force sensors were oriented along the x h -axis, while the grip force sensors integrated within the handle were oriented along the z h -axis. The handle support structure was mounted on an electro-dynamic vibration exciter, oriented along the x haxis. The experiments were performed with seven healthy adult male subjects. Table 1 summarizes the anthropometrical data of the test subjects, where the dimensions of the dominant right hands were measured, as described in 14) . The subjects grasped the handles with three different magnitudes of push (0, 25 and 50 N) and grip forces (10, 30 and 50 N), resulting in total of nine different grip/push force combinations. Each experiment was performed under two different hand-arm postures: (i) forearm horizontal and elbow bent at an angle of 90° with wrist in a neutral position, referred to as posture P1; and (ii) forearm horizontally aligned with the handle and elbow angle extended to 180° with wrist in a neutral position, referred to as posture P2. The two postures are schematically shown in Fig. 1 .
The measurements of the driving-point force and velocity were performed under two levels of broadband random excitations with constant acceleration power spectral density in the 8-1,000 Hz frequency range. The overall frequencyweighted rms accelerations (a h,w ) due to synthesized excitations were computed as 2.5 m/s 2 and 5.0 m/s 2 , respectively. The measured grip and push forces, sampled at a rate of 4 samples/s, were displayed to the subject on a computer screen. Each subject was advised to grip the mounted handle using his right hand, while imparting the desired grip force along the z h -axis, and push force along the x h -axis, using the visual displays of the forces. The synthesized vibration was applied to the hand-handle system along the x h -axis and the resulting dynamic force and handle acceleration were acquired in a multi-channel data acquisition and analysis system (Brüel & Kjaer Pulse system). The data corresponding to each measurement were acquired over a period of seven seconds (25 averages using Hanning window and an overlap of 75%). The test was repeated if the subject, for any reason, failed to maintain the specified grip and/or push forces. Each experiment was performed twice to verify and ensure reasonable repeatability; the average value of both trials was used in the data analysis. The test orders were randomized to minimize the potential bias. The maximum daily exposure of a subject, however, was limited to 30 min. Table 2 summarizes the test matrix considered in this study. The acquired data were analyzed to derive both the DPMI (modulus and phase), and the absorbed power characteristics of the hand-arm system. The DPMI response is computed from:
where G Fv is the cross-spectrum of the dynamic force and the handle velocity, both measured at the driving-point along the x h -axis, and G vv is the auto-spectrum of the handle velocity.
An inertial correction was performed on the computed DPMI to account for the inertia effect of the handle. The power absorbed into the hand-arm system (P) is computed from the real component of the cross-spectrum of the drivingpoint force, F(jω), and velocity, v(jω). A correction for the residual absorbed power due to the handle inertial force was also performed, although its magnitude was negligible. The measured data were analyzed to express the magnitudes of absorbed power corresponding to center frequency of each of the one-third octave bands in the 8-1,000 Hz frequency range. The total absorbed power was then computed through summation of power values within each of the one-third octave bands.
Results and Discussions
The measured data are analyzed to derive the biodynamic responses of the hand-arm system exposed to x h -axis vibration, in terms of both the DMPI and the absorbed power. Both the responses are evaluated in the 8-1,000 Hz frequency range, while the absorbed power data corresponding to center frequency of each of the one-third octave bands are presented. The results are analyzed to identify important trends in view of the various factors considered, namely, the handle size, vibration intensity, hand grip and push forces, and handarm posture. Considering that both the DPMI and absorbed power relate to the excitation velocity and the force response at the driving-point, variations in these factors may be expected to yield similar effects on both the measures. Owing to their definitions, the effect of vibration intensity, however, would form an exception.
The statistical significance of five different parameters on the mean DPMI magnitude and absorbed power responses corresponding to different one-third octave frequency bands was further evaluated through five-way ANOVA, main factors and two-way interactions, using the SPSS software, where a factor associated with a p value of less than 0.05 is considered to be statistically significant. These included two levels of excitation (S: 2.5 and 5.0 m/s 2 ), three handle diameters (D: 30, 40 and 50 mm), two different postures (P: P1 and P2), three levels of push force (F P : 0, 25 and 50 N) and three levels of grip forces (F g : 10, 30 and 50 N). Tables 3 and 4 summarize the results of the statistical analysis on the mean DPMI magnitude and absorbed power, respectively, for the different factors in the selected thirdoctave bands. The tables further summarize the significance analysis of the interactions between the selected factors.
Inter-subject variability
Despite the strong dependence of the biodynamic responses upon individual differences 4, 9, 11) , the inter-subject variability of the measured DPMI data has been reported in a single study 2) , while no such efforts have been made for the measured absorbed power. Gurram et al. 2) reported peak standard errors of 23% and 25% in the DPMI magnitude and phase responses, respectively, on the basis of measurements performed on four male subjects. The comparisons of the mean DPMI (magnitude and phase) and absorbed power responses of individual subjects, obtained in this study and illustrated in Fig. 2 , reveal considerable scatter in the data. The figure shows the responses corresponding to 30 N grip (F g ) and 50 N push (F p ) force, and exposed to the 5 m/s 2 excitation level while grasping the 40 mm handle with P1 posture. Despite the considerable scatter in the DPMI and absorbed power data obtained for the individuals, both the measures reveal consistent trends in the 8-1,000 Hz frequency range. The x h -axis DPMI responses consistently show peak magnitudes in the 125-160 Hz frequency ranges, respectively, for all subjects. This frequency range is in agreement with a few studies, which have reported the peak DPMI magnitude in the 150-160 Hz range [2] [3] [4] . A peak in the magnitude response is also observed in vicinity of the 25 Hz band. The range of idealized values of x h -axis DPMI magnitude, reported in ISO 10068 13) , reveals peak response around 125 Hz. The absorbed power data obtained for all subjects also show peaks in the 20-32 Hz and 100-160 Hz bands, which are comparable to those reported by Bylun and Burström 12) . Both the DPMI and absorbed power responses thus reveal comparable trends in view of the frequency ranges of the dominant responses. Figures 3 and 4 illustrate the coefficient of variation (CV) of the mean DPMI and absorbed power magnitude responses, respectively, corresponding to center frequencies of the onethird octave bands for the 40 mm handle, under posture P1, two levels of excitation magnitude and three grip/push force combination; 10/25, 30/50 and 50/50. The variations in the DPMI magnitude are less than 20% in most of the frequency bands, except at low frequency, where it increases as the hand force increases and approaches 35% in the 8 Hz frequency band under F g =50 N and F p =50 N. The absorbed power responses reveal relatively higher variability, around 30% in Fig. 4 . The CV values for both the measures decline to around 10 % at higher frequencies, irrespective of hand forces and vibration levels. Such variations may be partly attributed to individual's differences in view of the handarm structure. The data acquired with the other handles (30 and 50 mm) also revealed similar levels of peak standard errors. The CV values, however, decrease significantly to within 10%, when the total absorbed power of the hand-arm system is considered, as shown in Fig. 5 . The figure illustrates the CV of the mean total absorbed power for all combinations of hand forces, two vibration levels, P1 posture and 40 mm handle. Despite the large degree of scatter in the data and high CV values, the responses show definite common trends in both the measured DPMI and absorbed power. The mean values of the measured data could thus be used to study the important trends emphasizing the effects of individual factors.
Influence of vibration intensity
The effect of vibration magnitude on the driving-point mechanical impedance response of the hand-arm system along the x h -axis has been reported in a few studies leading to somewhat conflicting conclusions [2] [3] [4] . These studies observed that an increase in the vibration intensity causes either slightly lower or slightly higher or insignificant change in the DPMI magnitude. Unlike the DPMI, the absorbed power, owing to its definition, is known to increase considerably with the vibration magnitude, and has thus been suggested as a better measure of assessment of the potential injury risk 9, 10) . The data acquired under the two different vibration magnitudes (a h,w =2.5 and 5.0 m/s 2 ) are examined to investigate the influence of vibration magnitude on the DPMI and absorbed power responses. Figure 6 illustrates the mean DPMI magnitude and phase, and absorbed power responses of seven subjects for the 40 mm handle, 30 N grip and 50 N push forces, and posture P1 with 90° elbow flexion. The results show relatively small influence of excitation level on the DPMI magnitude and phase response, as observed in the reported studies [2] [3] [4] . Higher excitation level yields slightly lower DPMI magnitude in the 32-50 Hz and 160-630 Hz frequency ranges. The results suggest that the variations in the magnitude of vibration considered in this study yield insignificant effect on the DPMI response. This trend is further confirmed from statistical analysis, which revealed p>0.05 (Table 3) , however, results in nearly four-fold increase in the absorbed power (p<0.05 in the entire frequency range, as evident in Table 4 ). The influence of vibration magnitude on the total absorbed power is further evaluated in terms of an amplification ratio, defined as the ratio of the mean total power obtained under 5.0 m/s 2 excitation to that corresponding to 2.5 m/s 2 excitation. The amplification ratios, computed for the three handles, two postures and all nine force combinations, considered in the study varied from 3.6 to 3.9, depending on the handle size, posture and hand force combination.
Influence of handle size
Variations in the handle size affect the effective hand contact area and thus the coupling force, which may influence the biodynamic responses of the hand-arm system. The significance of the handle size is clearly evident from Tables  3 and 4 , where p <0.05 in the majority of the frequency bands. The effect of handle size on the hand-arm biodynamic response along x h -axis has been reported in a single study, in terms of the mechanical compliance 7) . The results show that both the DPMI magnitude and phase response of the human hand and arm is strongly influenced by the handle diameter, while the effect on the DPMI magnitude is more pronounced at frequencies above 250 Hz. The handle size effect on the absorbed power in this frequency range is very small due to low velocity at the driving-point. In general, the larger diameter handles yield higher DPMI magnitude and slightly larger absorbed power at higher frequencies. An opposite trend, however, is observed in the 63-200 Hz frequency range, where the effect on the magnitude is relatively small. The smaller handle (30 mm diameter) yields slightly higher DPMI magnitude and the absorbed power in this frequency range, as evident in Fig. 7 (b) . Unlike the DPMI magnitude response, a larger handle causes higher power absorption at low frequencies, in the vicinity of the peak response. The same trends were also observed from the data acquired under different grip/ push force combinations. The influence of handle size on the absorbed power is further investigated in terms of the mean total power. The magnitudes of total power absorbed into the hand-arm system obtained for the 40 mm and 50 mm handles, corresponding to each excitation level and hand force combination, are normalized with respect to that measured for the 30 mm handle under the same excitation and hand force combination. The values obtained for all hand force combinations are applied to derive the mean total power and thus the overall normalized total absorbed power and its standard deviation (SD). The relatively low SD could indicate the negligible effect of the hand force combination on the ratios of the absorbed power for different handle sizes, as evident in Table  5 . Increasing the handle size from 30 mm to 40 mm yields little or no effect on the mean total absorbed power, while a further increase in the handle size to 50 mm yields 10% to 15% higher values.
Influence of hand-arm posture
Two different hand-arm postures, involving 90° and 180°e lbow flexion, were considered in this study in order to investigate the influence of hand-arm posture on the biodynamic responses of the hand-arm system exposed to vibration along the x h -axis. Table 3 ). The stretched forearm posture (P2) yields only slightly higher DPMI magnitude in the bands centered below 16 Hz, but considerably higher absorbed power at bands centered below 40 Hz (p<0.05 in the 10-40 Hz bands in Table 4 ). Relatively higher effect on the absorbed power is attributed to higher excitation velocity at low frequencies coupled with slightly higher DPMI magnitude. This particular posture causes enhanced static coupling between the hand and the handle, which could be observed from its high apparent mass response at very low frequencies, and yields significantly lower phase between the excitation velocity and the force response. From the results, it may be concluded that the hand-arm posture has little effect on the x h -axis biodynamic response, except at extremely low frequencies. This, however, contradicts the trends reported for the z h -axis biodynamic response, where the posture P2 relents to significantly higher DPMI magnitude when compared to that for the P1 posture 18) . The considerable differences observed in the two-axes are mostly attributed to the direction of the push force applied to the handle. It should be noted that under z h -axis vibration, both the push and grip forces are applied along the same direction of vibration, while under x h -axis vibration, the push force alone is applied along the direction of motion. The influence of the hand-arm posture is evaluated by comparing the mean total absorbed power values obtained for each posture, excitation level, handle size and grip/push force combination. The values computed for the posture P2 are normalized with respect to those attained for posture P1, corresponding to particular excitation, handle size and the grip/push force combination. The resulting ratios, summarized in Table 6 , describe the amplification of total power for posture P2 with reference to the power associated with posture P1. The results show that grasping the vibrating handle with posture P2, in general, yields higher power absorbed into the hand-arm system except in the absence of the push force and light grip force (F g =10 N and F p =0 N), where the ratios are close to unity, irrespective of the handle size and the excitation level. The amplification ratio tends to increase with increasing grip/push forces, suggesting stronger contribution due to increasing push force. Linear regression analyses performed between the absorbed power ratio and the coupling force (summation of push and grip forces) revealed relatively strong correlation ( 
Influence of hand forces
Higher magnitudes of hand forces imparted on a tool handle are known to affect the biodynamic responses, which may be attributed to higher coupling force response at the driving-point, higher stresses caused within the hand-arm system and increased dissipation of energy. The influence of variation in the push and grip forces on the impedance magnitude and absorbed power responses of the hand-arm system exposed to excitation level of 5 m/s 2 along the x haxis, while grasping the 40 mm handle, are shown in Figs. 9 and 10, respectively. Figure 9 also illustrates the mean, and lower and upper bounds of the idealized values of DPMI magnitude and phase, as defined in ISO-10068 13) . Comparisons suggest that the mean magnitude responses, under moderate hand forces, lie within the lower and upper bounds defined in the standard. Under higher levels of hand forces (e.g., F g =50 N and F p =50 N), the DPMI magnitude exceeds the upper bound in the 160-250 Hz frequency range, which corresponds to the peak magnitude. The mean phase responses generally lie within the recommended bounds, with the exception of the 80-125 Hz frequency range. An increase in the push or the grip force tends to shift the DPMI magnitude and absorbed power peaks towards a higher frequency, while the influence of hand forces, particularly the push force, in the low frequency region (lower than 100 Hz), is very small. This is particularly evident for the absorbed power from the results presented in Table 4 (p>0.05 in most of the bands centered below 32 Hz). For P1 posture, an increase in the push force (grip force held constant, i.e., F g =30 N) yields higher DPMI magnitude and absorbed power, specifically at frequencies above 100 Hz (p<0.05 in most of the 40-500 Hz bands; Tables 3 and  4) , as evident in Figs. 9(a) and 10(b) . Although, the push force variations cause nearly negligible change in the DPMI magnitude at lower frequencies, a lower push relents to only slightly variations in the power in the 16-40 Hz bands with no definite trend. Similar trends in the absorbed power above 100 Hz are also observed for posture P2. Higher hand forces (50 N) coupled with posture P2, however, cause higher energy dissipation at frequencies below 32 Hz. An increase in the grip force (constant push force, F p =30N) yields considerable higher DPMI magnitude at frequencies above 100 Hz, while the corresponding increase in the absorbed power is quite small. A clear tendency in the absorbed power at low frequency could not be observed as in the case of push force. The data attained for the other handles (30 and 50 mm) also revealed similar tendencies in view of the hand force variations.
Owing to the lack of definite trends in the spectra of the absorbed power, the influence of variations of hand forces is further attempted in term of the mean total absorbed power. Figure 11 illustrates the influence of grip and push forces on the mean total absorbed power under the high vibration spectra (a h,w = 5 m/s 2 ), 50 mm handle and the two hand-arm postures. As it is evident from the figure, the influence of hand forces on the mean total absorbed power depends upon the hand-arm posture. Under posture P1, the variations in the push force do not show a clear effect on the total absorbed power, while a higher grip force causes slightly higher energy absorption. The P2 posture with 180° elbow flexion, on the other hand, causes considerable increase in the absorbed power with increase in either hand force. To further clarify the association between the hand forces and the absorbed power under two different postures (P1 and P2), linear regressions were performed between the coupling force (F p + F g ) and the absorbed power for the three handles and two vibration levels. Higher linear correlation factors were found between the coupling force and the absorbed power under the P2 posture (0.77 to 0.89) than under the P1 posture (0.27 to 0.47). Figure 12 shows this relationship for the 50 mm handle under the two vibration levels and two postures.
Statistical analysis
For DPMI magnitude the vibration level (S) shows no significance for all selected frequency bands except at 63,160 and 200 Hz, which confirms the trend shown in Fig. 6 (a) . The vibration spectra further show no significant interaction with the push force in all the selected bands, while significant interactions with the grip force and the handle size are evident in the 40-200 Hz and 10-63 Hz frequency bands, respectively. The hand-arm posture reveals highly statistical significance on the DPMI magnitude in the 10-32 Hz and 200-630 Hz frequency bands, which could be emphasized by the trend shown in Fig. 8 . The hand-arm posture shows significant interactions with the push force in the 200-1,000 Hz frequency bands, while it reveals strong interactions with the grip force and the handle size in all frequency bands except at the 100 Hz and the 40 Hz frequency bands, for the grip force and handle size, respectively. The grip force also shows strong interaction with both the push force and the handle size at all frequencies except at the 10 Hz and 800 Hz frequency bands for the handle size and the push force, respectively. Handle size, however, reveals no significant interaction with the push force in the 40-100 Hz frequency bands.
For the absorbed power, the vibration spectrum, as expected, shows strong statistical significance in all frequency bands. This factor also shows strong interactions with the handle size in most of the frequency range, with the grip force at frequencies above 16 
Conclusions
The influences of vibration magnitude, handle size, hand grip and push forces, and the hand-arm posture, on the driving-point mechanical impedance (DPMI) and absorbed power characteristics of the hand-arm system exposed to constant acceleration broad-band excitations along the x haxis, are investigated. Despite the considerable variations observed in the biodynamic responses among the individuals, definite trends in the responses could be observed with regards to the variations considered in the study. The peak DPMI magnitude and absorbed power under x h -axis vibration occur in the vicinity of 25 Hz and 150 Hz bands. The magnitude of absorbed power is more emphasized near the 25 Hz band due to relatively higher velocity at lower frequencies, while the DPMI magnitude is more emphasized around 150 Hz that arises from its definition.
Increasing the excitation level does not affect the DPMI response, while the absorbed power increases considerably, which is attributed to its definition. These observations were also confirmed from the results attained from ANOVA. Increasing the hand grip or push forces, generally causes higher frequency corresponding to the peak DPMI and power responses, suggesting the stiffening of the hand-arm system with the increasing of hand forces. An increase in the hand forces, in general, yields larger DPMI magnitude, specifically at frequency above 100 Hz. The influence of grip and push forces on the absorbed power suggests stronger coupling with the hand-arm posture and the handle size. While the measured respons es do not reveal a clear trend with respect to the hand forces for the bent elbow posture (P1), higher absorbed power was associated with the extended forearm posture (P2) with increase in either of the hand forces. This observation was confirmed by a stronger linear correlation between the coupling force (summation of grip and push forces) and absorbed power under the P2 posture.
The handle size revealed an influence on the DPMI and the absorbed power, particularly near the frequencies of peak magnitudes and at frequencies above 250 Hz, where the effect was observed to be quite considerable in the DPMI magnitude. The larger handle caused remarkably higher DPMI magnitude at higher frequencies, while the effect on the absorbed power was not quite evident due to extremely low magnitude of velocity in this frequency range. Increasing the handle diameter from 30 mm to 40 mm did not produce a notable difference in the amount of absorbed power. A further increase to 50 mm, however, resulted in 10% to 15% higher values, depending on the level of excitation. The variations in the hand-arm posture did not alter the trends in the DPMI magnitude, but resulted in considerable difference in the phase between the force response and excitation velocity at low frequencies. The results show that grasping the vibrating handle with posture P2, in general, yields higher power absorbed into the hand-arm system.
